Introduction

47
A wide variety of Allium sativum (garlic) is cultivated worldwide for use as spice in heart disease to anti-cancer properties. 4, 5 Allicin, the major volatile S-species 55 produced by crushing garlic and first identified in 1944 by Cavallito, was shown to 56 have significant bacteriostatic activity in vitro. 2 Clinical trials have, however, so far 57 failed to show conclusive evidence for significant health benefits. 6 
58
Research in sulphur-containing compounds (S-containing compounds) of garlic used. Rarely ESI-MS is used for identification of S-containing compounds in garlic.
71
Quantification is always done using synthesised standard compounds. 8, 7 When ESI-compound. 32 when using high-resolution accurate MS instruments. 9 But a non-target analysis with 82 mass balance approach is not possible using molecular mass spectrometry.
83
The aim of this feasibility study was to test firstly whether the parallel use of ICP- parts was determined by freeze drying. Roots contained 9.9 ± 0.5 % dry matter and 114 bulbs 24 ± 2.7 %. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Sample preparation 116 The plants were harvested after 6 weeks. Their roots rinsed with deionised water 117 and blotted dry. Roots and shoot were separated from the bulb. Only freshly formed
84
MS/MS and ESI-MS is advantageous for quantification and identification of S-
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(during the 6 weeks of the experiment) bulb tissue was used. Roots and bulb were 119 separately grounded to fine powder using liquid nitrogen as soon as separated.
120
Material intended for species determination was kept frozen with liquid nitrogen until 
126
For total sulphur determination the plant material and reference materials (100 ± 0.1 127 mg) was digested using 1 mL nitric acid and 2 mL hydrogen peroxide in a microwave 128 oven (Mars5, CEM) for 30 min at 95ºC in unpressurised vessels. The digests were 129 diluted with water to 50 g before sulphur determination. Extracts prepared for 130 speciation analysis were diluted 1 to 50 with 1 % nitric acid for determination of total 131 extracted sulphur.
132
Instrumentation
133
Species separation 134
An Agilent 1100 HPLC or a 1290 HPLC system with cooled autosampler was used Instruments, USA). The sample volume was 0.1 mL and the column oven set to 141 40ºC.
142
Quantification and S-specific detection using ICP-MS/MS 143
An 8800 Agilent ICP-MS/MS was used for all measurements in MS/MS mode using 144 oxygen (30 %; ~ 0.3 mL min -1 O 2 ) and hydrogen (1.1 mL min -1 H 2 ) as reaction gases.
145
The energy discrimination was set to -7 mV with a wait time of 2 ms, all other 146 parameters were optimised daily as required. For total sulphur determination and (independently), the peak areas for individual peaks varied on average by 3 to 5 %.
166
An example of the results is given in Fig. S32 .
167
Identification of S-species using ESI-MS/MS 168
An Orbitrap Discovery (Thermo Scientific) was used for the identification of the 169 eluting compounds, when the instrument was coupled to the HPLC in parallel to the 170 ICP-MS/MS as described in more detail elsewhere. 11 The instrument was used in were accepted as correct when ∆ppm was less than 3 ppm of the theoretical m/z.
183
Statistical analysis 184
All significant levels were tested using SigmaPlot 13.0 One Way ANOVA. Errors are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Total sulphur in garlic roots and freshly formed bulb-tissue 198 199 Contamination of all liquids from environmentally present gaseous S-containing 200 compounds is always a risk, leading to elevated sulphur background levels. All value of (5100 ± 500) mg S kg -1 (4713 ± 100) mg S kg -1 (n = 4) was determined,
209
Seronorm urine (blank) (658 ± 70) mg S kg -1 (certified: 545 ± 70, n = 3). The 
227
A large proportion of sulphur could be extracted (80.8 ± 14.8) % (n = 54) using 1 % 228 formic acid as solvent independent of the amount of sulphur fertilization (Table 1) .
229
This indicates that the majority of S-containing compounds present in garlic are small 
232
Comparing the S-concentration found here with literature values showed that garlic 233 grown to maturity in some field trials contained significantly more sulphur. 15 (depending on compound between 10 and 160 % RSD were found, n = 9) and only 266 with the statistical power of using 9 replicates, differences on the compound level 267 became significant between the fertilization stages. these compounds were present in different isoforms and / or diastereomers.
303
The major S-containing compounds in garlic were hydrophilic compounds (including 304 sulphate) and the alliin-variants (cyclo-alliin, methiin, alliin, isoalliin and propiin),
305
together containing between 11 and 26 % of the total sulphur in root (Table S1 ) and containing compounds (Table S13) .
327
The published concentrations of the γ-glutamyl relatives of aliin and isoalliin (γ-328 glutamyl-S-allyl-cysteine (GSAC) and γ-glutamyl-S-1-propenyl-cysteine (GSPC))
329
(structures Table S4 ) range from 7.5 to 224 mmol kg -1 d.w. 7, 8, 16 for GSAC and for
330
GSPC from 27 to 312 mmol kg -1 d.w. 7, 8, 16 The content of both compounds 331 determined here via sulphur was significantly lower (Table S4 ). The content of GSPC 332 was higher than that of GSAC both in bulb and root. Roots contained slightly more 333 GSAC than bulb, but less GSPC than bulbs. GSPC content in root was depending indication of whether it was determined on a dry or fresh weight basis. 18 In our study 341 the amount of GSPC(O) in bulbs was lower than that of GSAC(O) in contrast to 342 Hughes findings (Table S5) . Roots contained similar amounts of both compounds at groups the concentrations of the oxidised forms in roots were by more than a factor 346 of 10 higher than the reduced forms GSAC and GSPC (Table S4 and S5).
on S-fertilization. The oxidised isomers of GSAC (GSAC(O)) and GSPC (GSPC(O))
347
The content of the methiin relative γ-glutamyl-S-methyl-cysteine (GSMC) showed a 348 sulphur-fertilization dependency in roots (up to ca. 
Compounds so far not quantified in the literature
368
The content of propiin, the co-eluting methionine and reduced glutathione increased 
374
The S-allyl-cysteine (SAC, deoxyalliin) content in bulbs was slightly lower than in 375 roots and did not depend on the S-fertiliser regime (Table S3) propenylmercaptoglutathione (Table S8) . Neither compound showed the least 393 dependency on S-fertilization levels.
394
Phytochelatin (PC-2, γ-Glu-Cys-γ-Glu-Cys-Gly) a pentapeptide often occurring in (Table S11) .
401
Newly identified S-containing compounds in garlic 402
In Fig. 3 the proposed structures for the newly identified compounds in garlic are isomers. The amount of sulphur eluting at the retention time was low (Fig. S21) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
430
Compound 1a co-eluted with oxidised PC-2 (Table S13) , whereas compounds 1b, 2a 431 and 2b eluted without any co-eluting S-containing compounds. Bulbs contained 432 lower concentrations of the three quantifiable forms than roots (Table S10) The, as yet undescribed, S-allyl/propenyl-containing PC-2 (C611) was present in 436 both root and bulb in at least four different isomeric forms (Fig. S25) , indicating that 437 the S-allyl/propenyl-group can be bound to either SH-group of PC2. The sulphur 438 amount eluting at its retention time was higher than that estimated for PC2 especially 439 in bulbs (Table S13) .
440
Among the precursor molecules described as part of the biosynthetic pathway by (Table S12) . Concentrations of C207 and C393 in root were 455 significantly higher for the highest S-fertilization rate (2 mM S) than in the low and 456 medium exposure groups (Table S12) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Proposed structures for newly in garlic identified compounds. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 compounds cannot be entirely be excluded. Its concentration in roots was 483 depending on the amount of sulphate in the fertilizer, whereas sulphate in bulbs did 484 not show any dependency on the fertilizer (Table 3 , Fig. 4 ). Overall it is apparent that at lower fertilization rate, the amount of sulphate was lower 494 and concentration of the identified organosulphur compounds increased, while the 495 proportion of unidentified S-species decreased (Table 3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (Fig. S28) it was apparent that the difference were due to the following sulphur 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 analysis.
485
551
The study also showed, that despite garlic being a well-studied system, there are still 552 unknown S-containing compounds present and the use of high resolution ESI-
553
MS/MS is absolutely required for at least tentative identification of compounds. The 554 amount of some of these newly identified compounds was strongly influenced by S-555 fertilization.
556
The separation of A. sativum extracts and detection of its sulphur metabolites
557
showed also that the chromatographic separation needs to be improved in order to 558 quantify the myriad of S-containing compounds. This sulfomics study by using a non- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 View Article Online compounds can potentially be detected in plants and it is therefore a useful tool 561 when environmental influences on plants are going to be studied.
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